I. INTRODUCTION
The nationwide shortage of energy, combined with the abundance of coal reserves, makes the production of synthetic fuels from coal an important process to help meet the nation's demands for clean energy. As a result of this need and the potential for producing synthetic fuels, the Office of Fossil Energy of the U. S. Energy Research and Development Administration (ERDA) is carrying out several programs to make the necessary technology available to industry so that synthetic fuels can be produced economically.
Coal liquefaction, however, is not a new technology. The process was introduced as early as the 1920's. During World War II, Germar~y produced liquid hydrocarbons by the high-pressure hydrogenation of coal. In the 1950's, the United States worked on the development of the liquefaction process, but at that time the process was not economical. With the current shortages of petroleum and gas, and vast coal reserves, interest has again peaked for coal-liquefaction development.
The advantage of coal liquefaction is that a wide range of liquid products (fuel oil, gasoline, jet fuel, diesel, etc.) can be produced from coal. As a result, from the 1960's and on, several pilot plants have been built and operated with greatly varying degrees of success. At present, ERDA Is involved in the development of several conversion processes at different stages of development.
A. Survey Objectives and Procedures

1.
Objectives of Survey
The objectives of the survey program to establish the nondestructiveevaluation (NDE) needs for coal liquefaction are as follows:
a.
Compile a list of problem areas (actual or anticipated) in coal-liquefaction pilot plants presently operating or planned that should be addressed by NDE.
b.
Make recommendations relative to which NDE methods may be useful in contributing to the solution of anticipated and existing problems.
c.
Indicate areas for which development of NDE methods may be required in terms of techniques (e.g., acoustic and electromagnetic) and environents (e.g., temperature, pressure, and materials).
Information Acquisition
Nondestructive-evaluation needs for coal liquefaction have been assessed by analyzing information compiled from three sources: (a) relevant and available literature on coal-liquefaction plants, (b) knowledgeable personnel from government offices and industrial facilities, and (c) site visits to existing pilot plants.
The literature search was carried out via a computer search using various retrieval systems and a manual search of several abstract sources (see Appendix A, part 1). Personal communications have led to the accumulation of additional relevant papers and manuscripts.
To obtain current information on coal-liquefaction problem areas in which nondestructive evaluation may contribute to solutions, contacts were made with field and administrative personnel from industry and government organizations. Site visits were also made when possible to pilot-plant facilities to help assess the potential for NDE. Details of these contacts are discussed in Appendix B.
Information has been accumulated primarily on ERDA-sponsored facilities (SRC, H-Coal, CSF, CRESAP, and COED).
After the dissolver, the product goes to a separator, where gas is separated from undissolved coal and coal solution. Hydrogen gas is ultimately recovered and recycled. After pressure letdown [from 20 MPa (2800 psi) maximum] of the undissolved co' and coal solution, they are separated from each other. The coal solution is 'hen passed to the solvent-.recovery unit, producing the final product. solve ant-refined coal. The solvent-refined coal has a melting point of 175 C-200*C ( 50-400*F), with a 16,000-Btu/lb(37-MJ/kg) heat rating.
C. Discussion
Because of high operating temperatures and pressures previously indicated in coal-liquefaction plants [860 C (1600*F) and 30 MPa (4200 psi)], and the abrasive solid particles and corrosive environment in processing streams, critical components may fail. To ensure efficient and safe operation of these plants, in-situ monitoring (continuous or periodic) may be required. Many problems found in coal-gasification plants, such as erosion of coal feed lines, stress-corrosion cracking, and corrosion problems such as sulfidation and oxidation may also be found in liquefaction plants. Problems found in gasification plants have not only been associated with corrosive and erosive environments, but also with inadequate mechanical design and improper material specification. For example, problems have been discovered in valve-stem designs and in the generation of large thermal transients during processing.
Argonne National Laboratory is already engaged in the application of nondestructive-evaluation (NDE) methods to monitor erosion in the coalgasification process. Ultrasonic, acoustic-emission, infrared, and radiographic methods have been used in field applications at Synthane (Bruceton, Pennsylvania), Bi-Gas (Homer City, Pennsylvania), HYGAS (Chicago, Illinois), 2 and COZ Acceptor (Rapid City, South Dakota). Furthermore, erosion-monitoring systems using ultrasonic pulse-echo methods for in-situ wall-thinning measurements at elevated temperatures have been installed at Syntnane and Bi-Gas to monitor critical pipe elbows in the coal-gasification process. It is likely that similar efforts in the coal-liquefaction pilot plants can also be of great benefit in increasing the reliability of the existing and planned systems.
I. POTENTIAL AREAS FOR APPLICATION OF NONDESTRUCTIVE-EVALUATION TECHNIQUES
A. In-service Inspection
1.
Wall-erosion Monitoring
One of the most critical areas for application of nondestructive testing is the monitoring of erosion in transfer lines and pressure valves. The most effective method currently available is the ultrasonic-pulse-echo techniques. During shutdown, when the pipe or vessel wall is at ambient temperature, no serious problems in principle are encountered. During ultrasonic inspections, there may be problems with accessibility, for example, but modern conventional pulse-echo technique with properly selected probes, electronic equipment, and procedures, can be used to detect changes in wall thickness to an accuracy of 0.05-0.25 mm without difficulty, depending on geometry, wall thickness, frequency of probe employed, and skill of the operator.
For in-service monitoring at elevated temperatures (500C), however, the problems become formidable. Difficulties are encountered with couplants used for manual scans as well as with wedges and crystals, which, although effective at room temperatures, may not be satisfactory at temperatures up to 500 C. The problems encountered in ultrasonic scans at elevated temperatures are associated with the loss of signal across the couplant, evaporation of the couplant, variation in attenuation of the wedge (or waveguide) material, changes in wall thickness because of material expansion, and total failure of ultrasonic probe or loss of ultrasonic crystal efficiency at high temperature.
To eliminate these problems, a cooled waveguide welded to the pipe outer diameter could be used for continuous monitoring at high temperature. The transducer temperature is reduced to a manageable level, and the waveguide is welded to the pipe to eliminate coupling problems. In this case, of course, wall-thickness measurements are made at fixed points only and the system could be very cumbersome if many points are to be monitored.
Recently, such pipe-wall monitoring systems employing finned waveguides (for cooling) have been installed by the Argonne National Laboratory NDT Group at the Synthane and Bi-Gas Coal Gasification pilot plants. These systems use conmerically available transducers and pulser-receiver systems to monitor a transfer tee, a 60 and a 90 bend.
Most of these systems appear to be working satisfactorily. Nevertheless, more advanced designs may use variations of this initial work. For example, the relative effectiveness of longitudinal and transverse waves should be established because of the difference in mode conversion at waveguide-toair boundaries and sensitivity variations from differences in velocity of sound between shear and longitudinal waves at a given frequency. The advantages of employing radio frequency waves, with a pulse overlap method of measuring transit times between echos, needs to be evaluated, and the possibilities of using different waveguide materials (ceramics or metal alloys), bonding methods, and crystals (e.g.. quarts or lithium niobate) need to be explored.
The possibility of a simple modified waveguide (or buffer-rod) system for continuous manual or automated scans at high temperature should be explored. With ceramic materials for waveguides, commercially, available or yet to be developed high-temperature couplants (e.g., HiTemco or Pyrogel), and hi-h-temperature crystals (e.g., lithium niobate). continuous wall-thickness monitoring at elevated temperatures may be possible. Developrnent work along these lines is clearly needed. Environmental effects on permanently installed ultrasonic-monitoring systems and long-term stability also have to be evaluated. The NDT group at ANL is planning to evaluate the longterm weathering effects on installed ultrasonic wall-thickness monitoring systems for the coal-gasification program. Additional work in this area will be needed, however.
Although electromagnetic acoustic transducers (EMAT's) are not commercially available in this country, they could have application for wallthickness measurements at elevated temperatures. In this type of device, acoustic waves are generated in a metal by placing a source of electromagnetic field (rf coil) near the surface of the specimen while the rf source is in the presence of a strong static magnetic field. The induced eddy currents interact with the material to produce ultrasonic waves (shear, longitudinal, or surface waves). The ultrasonic waves are detected by the inverse process. 3 The advantage of this type of ultrasonic device is that it is completely noncontacting. For elevated-temperatare wall-thickness measurements, this system could be used without a couplant. The disadvantage is that the sensitivity is down significantly from conventional ultrasonic probes (<50 dB for mild steel, 45 dB for aluminum). 4 Despite this difficulty, EMAT's ..Ave been shown to be effective in many situations, 5 including flaw detection in a steel bar at elevated temperatures.6
Research and development work with electromagnetic acoustic transducers should be carried out with the specific goal of applying the technology to wall-thinning monitoring in coal-liquefaction plants.
Another area of ultrasonic testing that has application to erosion monitoring is ultrasonic spectroscopy. Ultrasonic-spectroscopy techniques have the potential to assess the extent of erosion/corrosion in terms of surface roughness as well as wall thinning. 7 Current work in ultrasonic spectroscopy for rough surfaces is discussed in Ref. 8 . Experimental results are shown that indicate that spatial periodicities can be deduced from the spectral content, of the ultrasonic signal.
Applications of spectrum-analysis techniques may prove valuable in erosion monitoring. Development work for application to coal-liquefaction plants should be carried out.
Plugging of Lines
Plugging of transfer lines is a constant problem (SRC), and a method to locate the "plug" would save considerable time over the methods used now to correct the problem. Some problems also were evident at the H-coal plant in a separator overhead steam line (ammonium chloride deposits).
Several techniques have potential for locating the point of plugging in transfer lines. X radiography, which could be used without disturbing the system, could be successful, as line plugging might detectably affect the absorption of X rays crossing the pipe. The problem is the expense, inconvenience, and difficulty associated with poor accessibility in many plant areas. A portable gamma source is required, which makes evacuation of the area essential during film exposure. The necessity for extensive mapping of the pipe makes radiography costly and time-consuming. Development of more efficient and inexpensive examination of piping employing possibly remotely controlled, traveling X-ray counters may be in order.
Plugging of a line may result in a temperature gradient across the plugged area if the piping does not dissipate the heat too effectively, and if pipe insulation is absent or can be removed easily. Infrared techniques may be able to locate the point of plugging in a line. Portable infrared cameras such as the AGA 750 could be used to detect a plug location rapidly and effectively. Temperature variations as small as 0.2 C can be observed with stateof-the-art equipment.
Acoustic techniques may be useful in locating plugs. At audible frequencies, the presence of a plug may affect the resonance or propagation of waves through or across the pipe, indicating an anomalous situation. Exploratory work would be necessary to determine the effectiveness of acoustic methods.
Hot-spot Monitoring
The presence of eroded walls in pressure vessels and piping and anomalous behavior of critical systems (such as the carbonizer at Crest.p) can result in excessive temperatures. These high-te.aperature areas or "hot spots" may be detectable by infrared techniques. The application of infrared cameras (surh as AGA 750) for thermal inspections is not new. For example, AVMCO has reported successful thermal monitoring of a steel plant including the detection of hot spots. There are difficulties, of course. These are associated with limited resolution and variations in infrared emissions associated with geometry and emissivity variations. As a result, data interpretation becomes difficult. Nevertheless, it seems that infrared monitoring of coal liquefaction plants is feasible and can save on downtime and produce information concerning the operation of various processes.
Letdown Valves
Letdown valves [from pressures up to 30 MPa (4000 psi)], such as those at SRC and Cresap, have a very short life (2-4 weeks) because of the severe erosion. Monitoring of these valves may be useful to indicate the state of wear. One potential method for detecting wear states is acoustic monitoring. In principle, the noise generated at the valve could be related to the leak rate.
Sawley and White 9 have discussed at length the problem of gas-valve noise.
One major difficulty in monitoring valves acoustically and relating quantitative data to leak rate or state of wear is that the system processing variables are not constant and a variety of acoustic signals, changing in time, will be associated with one state of wear.
Nevertheless, despite these potential difficulties, a program at ANL1 0 on valve leakage has shown some promising results. This work is being carried out in an effort to acoustically monitor valve leakage in coal-gasification pilot plants. An effort to correlate acoustic signals (including amplitude and spectral content) with valve leakage in coal-liquefaction plants would also be worthwhile.
Detection of Flammable Leaks
Leaking seals and flanges have led to small fires in at least one pilot plant (H-Coal). There is a clear need for an effective leak-detection system in areas where leaks of flammable substances can result in potentially serious fires. OSHA may make standards even stricter than they are now. Effective placement of acoustic sensors may enable small leaks to be detected before serious problems are encountered.
Another means of detecting leaks is with an ultraviolet detector.
The presence of flammable substances in the air around leaking seals and flanges can modify the absorption characteristics of an ultraviolet beam. An ultraviolet detection device is currently being used at H-coal.
Other devices are available for detection of a variety of gases: for example, a diode tester for halogens, a mass spectrometer for helium, and an infrared detector for nitrous oxide. There is also a device for detecting freon, carbon dioxide, etc. An evaluation of the state of the art for gas detection and identification of flammable gases in coal-liquefaction processes could be useful to find the most cost-effective system for early detection of flammable leaks.
Bearing and Pump Wear
The failure of pumps and bearings (e.g., SRC and CRESAP) because of excessive wear is another area of concern. Monitoring may be necessary to predict critical-component lifetime and anticipate failure to avoid catastrophic situations. Acoustic sensors and accelerometers could be used to indicate the state of wear of critical machinery. Acoustic and vibration signature-analysis studies are discussed extensively in the literature.' 11 3 Advances in sophisticated electronic devices, correlation techniques, and minicomputers have made signature analysis a powerful diagnostic tool for machine performance.
In high-speed rotary equipment, vibration levels can be correlated to bearing instabilities, blade vibrations, and seal failure. 11 There appears to be a need in coal-liquefaction plants for signature analysis to improve the life predictions of critical components and prevent catastrophic failures in pumps, valves, bearings and other mechanical devices.
Nondestructive Evaluation for Microstructural Changes
There is a need to understand the stress-or temperature-induced microstructural changes in pressure vessels (CRESAP)' 4 and possibly other critical components (transfer lines and other internal parts). Several NDE methods may provide useful information concerning material microstructure. These are nuclear magnetic resonance, X-ray diffraction, Mssbauer analysis, and acoustical microscopy. The most likely candidate for investigating bulk microstructural changes associated with grain-size variations is ultrasonic spectroscopy. 1 5 Variations in frequency spectra of transmitted or reflected ultrasonic signals can be significant as grain size varies. In addition, this type of analysis is adaptable to in-service inspection.
Massbauer analysis, in which resonance absorption or emission of gamma radiation is used to determine composition, can be useful for insitu and diagnostic applications for coatings, substrate deterioration, and corrosion products. There are severe limitations, however, because of the difficulty in applying this technique in the field, particularly in the environment of liquefaction plants where accessibility may severely limit the technique. The method requires close proximity to the specimen surface and precise vibration of a radioactive source. In addition, there is a radiation hazard.
The nuclear-magnetic-resonance technique, in which radiofrequency waves are applied to the material to induce nuclear spin resonances that are characteristic of the material lattice structure, may have some limited application for coal-liquefaction-plant components. This technique, however, only works with material containing nuclei with magnetic moments and only applies to surface areas. Close proximity to the sample is required. Nevertheless, the data obtained are sensitive to impurities and material composition and detect material variations on the order of 10%.
X-ray diffraction techniques may also provide information concerning the microstructure of a particular component by evaluating the Bragg peaks obtained in scattered radiation. This technique is also limited to surface phenomenon, and although portable equipment is available, application to field work may be difficult.
Of the four methods mentioned, only the acoustic-spectroscopy technique would generate data on bulk microstructural changes. Development work would be needed before these methods could be applied directly to coalliquefaction applications. Nevertheless, the need is present, and efforts to detect microstructure variations in situ should be carried out.
Fluidized-bed Level Detection
Liquefaction processes have fluidized or slurry (SRC) beds or catalyst levels (H-Coal) to monitor. Knowledge of the level of the bed can be critical for efficient operation of the plant. In current techniques for determining the bed level, differential-pressure taps and nuclear-density gauges are used. The pressure taps are not entirely satisfactory, as they become plugged and can require extensive maintenance. The nuclear-density gauge may not work for scaled-up systems because of the excessive absorption in the vessel walls.
Various techniques will have to be explored to establish a method to measure fluidized-bed or catalyst levels. These include acoustical, possibly taking advantage of variable attenuation of low-frequency waves above and below fluidized beds; nuclear, where sensitive detectors may detect variations in absorption of gamma rays or neutrons above and below the bed; and electromagnetic, where energy pulses are transmitted down to the fluidized-bed interface and reflected pulses are detected to establish the interface location.
In this last technique" (time-domain reflectometry), a conducting wire extending down the vessel wall carries the electrical pulse. Work at the Pittsburgh Energy Research
Center has demonstrated that this technique is feasible for small systems." Carrying this technique to larger plants and establishing sensitivity and reliability will require an extensive effort, howeve:.
Heat Exchangers and Heater Coils
The erosion/corrosion problems, general fouling of heat exchangers (CRESAP), and failure of the heater coil of a preheater (SRC) suggest a need for in-service inspection devices for critical components. For in-service inspection, only boreside inspections of the tubing will be feasible. Probes would have to be developed that can travel through tubing while inspecting it. Two possibilities exist for auch a device: an ultrasonic probe or an eddycurrent probe. The feasibility of using an ultrasonic probe has been demonstrated" for a nuclear-reactor steam generator. A multiple-crystal ultrasonic probe travels in the tube while ultrasound is coupled to the tube wall by water in the tube.
A unique pulsed eddy-current device has also been developed by the ANL NDT Group and has been used successfully by industry. It could be readily adapted for use in steam-generator or preheater tubing.
Other less sensitive eddy-current devices are routinely used for in-service inspection of steam-generator tubing. The ultrasonic probe has the advantage of better characterizing an anomaly, whereas the eddy-current probe may be more sensitive to smaller defects and does not require a coupling medium. Before these devices can be used, probes would have to be adapted for the needs of liquefaction plants. Difficulties associated with geometry (e.g., sharp bends or tube eccentricity) may severely limit these devices as inspection tools. A reasonable effort would be needed to establish the ultimate effectiveness of ultrasonic or eddy-current probes for in-service inspection of liquefaction-plant steam-generator or preheater tubing.
Detection of Stress-corrosion Cracks
Stress-corrosion cracks can and have been identified in coalconversion systems [e.g., weld neck flange from Synthane Pilot Plant steam line and rabble arm (stirrer) for Morgantown Energy Research Center gas producer]. There is a need to identify potentially susceptible areas and develop effective means for inspecting liquefaction plants while in service. Considerable effort has already been exerted to evaluate ultrasonic techniques for detecting stress-corrosion cracks in stainless steel nuclear-reactor piping. 1 '919 Considerably more effort is needed to develop highly reliable conventional (ultrasonics) methods as well as explore the newer techniques (e.g., acoustic holography and acoustic emission) for application in liquefaction plants. Problems that arise for wall-thickness monitoring such as finding effective couplants, crystals, and wedges (or buffer rods) for elevated temperatures also would apply for ultrasonic inspections for SCC.
In addition, the problems occurring in ultrasonic inspection of welds in nuclear-reactor piping such as the weak signals from SCC, interpretation of signals (distinguishing from geometrical reflectors), and poor assessibility would also be present in liquefaction plants. Although small cracks (<0.5 mm deep) may be difficult to detect in areas close to welds (<1.0 cm)'8 manual ultrasonic scans could still be very valuable for detecting non-through-wall stress-corrosion cracks in liquefaction plants.
A Battelle (Pacific Northwest Laboratories) study to investigate a continuous surveillance method involving acoustic-emission technology" has shown promising results. In this effort, an advanced monitoring system has been developed. A permanent record of acoustic-emission (AE) data is maintained by a digital memory. AE signals are also identified by location so that isolated areas can be interrogated.
Because of the potential for untimely or even catastrophic failure due to the initiation and propagation of stress-corrosion cracks, development work should be carried out to improve current methods to detect stresscorrosion cracks and develop and apply newer techniques such as acoustic emission and acoustic holography to coal-liquefaction plants.
Relation of Quantitative NDE to Fracture-mechanics Models
The ultimate objective of nondestructive evaluation is to establish the probability of failure of a structural component. With present state-ofthe-art equipment, flaws can be detected that are smaller than those that can cause imminent failure. If the size, shape, and orientation of a flaw can be established, the probability of failure may possibly be estimated. With quantitative data from a flaw such as can be obtained using ultrasonic methods, it may be possible to distinguish between critical and benign flaws. Also, smaller safety margins may be reached with more detailed analysis of defects.
For situations in which failure occurs by crack progagation, fracture-mechanics models are well established. When NDE techniques such as ultrasonics can be used to size the crack, the probable time to failure can be estimated at a particular confidence level from knowledge of the critical flaw size, which may vary from 1 to 25 mm in metals. An increase in the ability to characterize the material (e.g., crack-propagation resistance and its defects) will increase the confidence in predicting lifetime.
Various techniques are being examined to improve the quantitative ultrasonic data obtained during a component inspection. 2 0 These include (1) ultrasonic spectroscopy (frequency content of the scattered ultrasound is interpreted to identify the geometry of the defect), (2) electronically scanned and focused ultrasonic arrays for producing real-time images, (3) a randomsignal correlation system for ultrasonic flaw detection for improved signalto-noise ratios, (4) acoustic microscopy for improved resolution and observation of microstructure and fracture propagation phenomenon, and (5) acoustic holography for improved size and shape characterization of anomalies. Most of these techniques are discussed at length in Ref. 21 .
A need exists to improve the reliability of quantitative data so that failure due to crack propagation can be predicted from fracture-mechanics models. More extensive research and development will be needed to reach this objective.
Establishment of On-line Test Facilities for Measuring Erosion Effects
At the CRESAP Pilot Plant, a bypass line will be installed to obtain erosion data. This type of facility could not only provide data on erosion effects, but could also provide a staging area to test various erosion-monitoring devices such as the ultrasonic devices discussed earlier. More facilities of this type are needed. The opportunity would then exist to establish the feasibility, accuracy, and reliability of conventional and unconventional (e.g., waveguides, acoustic -electromagnetic devices, or ultrasonic spectroscopy) NDE techniques.
B. Preservice Inspection
Improved Inspection of Heavy Sections
In the Workshop on Ma* rials Problems and Research Opportunities in Coal Conversion, 14 the need for improving NDE of heavy sections (i.e., pressure vessels) was mentioned. Conventional ultrasonic and radiographic rriethods are currently used for inspecting pressure vessels. Improvements over current methods may be achievable by techniques such as acoustical holography, acoustic-emission testing, adaptive nonlinear signal processing, X-ray tomography, radiographic-image enhancement, and automated and computerized ultrasonic scanners.
These techniques enable better characterization of material anomalies and better imaging of flaws. Some of them are discussed briefly below.
An ultrasonic imaging system for nuclear-reactor pressure vessels is described in Ref. 22 . A near-real-time ultrasonic pulse-echo and acousticalholography system is in the development'stages. The objective of the system is to size, shape, orient, and locate material anomalies in a pressure vessel. This is to be carried out with a multielement ultrasonic array, coupled to a computer and to mechanical and display systems for conventional and holographic modes of operation. This system could provide the most advanced data acquisition and analysis available for pressure vessels. Acoustical holography for defect detection in pressure-vessel materials is also described by Holt in
Ref. 23.
The application of acoustic-emission monitoring to pressure vessels has been shown to be feasible. Reference 24 describes the results of one group of investigators. Here, tests of welded-steel and -aluminum vessels showed that structural failure due to fatigue crack growth, as well as subcritical crack growth resulting from stress-corrosion cracking or hydrogen embrittlement, can be detected by acoustic-emission proof-testing. In these tests, the vessel is periodically overpressurized while simultaneously monitoring for acoustic emission. If some type of crack extension has occurred since the previous test, then new acoustic emission will be generated during the current test. If no changes have occurred then, and if the previous test pressure is not exceeded, no new emissions will be detected. Thus, by periodic testing, the presence of subcritical crack growth may be detected. This system is useful for both preservice and in-service inspections. More recent work is described in Ref. 25 .
A new nonlinear NDE signal-processing technique has been developed for aerospace application by Adaptronics, Inc., and Babcock and Wilcox.2 6 Rather than using only amplitude information in ultrasonic inspections, many ultrasonic parameters are synthesized to arrive at a description of the anomaly.
Inputs such as power spectrum and "cepstrum" are used. This technique has shown to be promising in characterizing and detecting flaws not possible by other conventional ultrasopic means.
Automated systems can also enhance the reliability in ultrasonic inspections. Such a system for light-water reactors is described in Ref. 26 .
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The system is for in-service as well as preservice applications. The system has remotely controlled carriers for the ultrasonic probes and a computer system for providing real-time readout data.
By the ultimate application of one or more of these NDE methods, significant improvements can be made in the reliability of liquefaction-plant pressure vessels and related equipment.
Improved Inspection of Welds -
On page 495 of Ref. 14 it is mentioned that "Required welds of adequate quality could not be made with today's NDE standards to measure quality." By the proper application of one or more techniques already described in this chapter, the quality control of welds can be improved. Automated ultrasonic acanning of completed welds with computerized data handling may be one method, for example. 2 7 Improved NDE standards (more closely resembling the actual weld in terms of material and geometry) and/or welds designed with careful thought to the application of nondestructive testing (i.e., smoothed weld roots and crowns) may also lead to better welds.
In addition, acoustic-emission monitoring has ioen shown to be useful during welding. For example, excellent correlation has been demonstrated between detection of artificially induced and naturally occurring flaws by X-ray methods and acoustic emission during welding of tank cars at the General American Transportation Corp. 2 Overall, the areas of NDE application appear rather large, encompassing better in-service in pection procedures and improvement in techniques used for plant construction. Application and development work seem appropriate in several areas including high-temperature ultrasonics (in-service erosion monitoring), acoustic emission (welding, valve, and pump monitoring), radiography (preservice and possible in-service inspection), acoustic holography (large-section inspections), and ultrasonic spectroscopy (material microstructural changes). Conventional NDT techniques are currently being used in preservice inspection of pressure vessels and welds following ASME Boiler and Pressure Vessel Codes and ASTM specifications. Some in-service inspection is also being carried out (SRC). Nevertheless, there is a significant need for improvement in NDE to improve quality control and to obtain more quantitative data which can be related to fracture-mechanics analysis. An understanding of stress and temperature induced microstructural changes has also been men- h. Leak-monitoring systems, e.g., filter section of mineral-separation unit.
i.
Wear monitoring of process-resistant coatings.
j. Preservice inspection of pressure vessels (radiography, ultrasonics, acoustic holography, and dye penetrants).
k.
In-service inspection of heat-exchanger tubing (eddy current and ultrasonics).
The areas of NDE application include improved in-service inspection procedures and techniques for plant construction. Application and development work is needed in (1) high-temperature ultrasonics (in-service erosion monitoring), (2) acoustic emission (welding, valve, and pump monitoring), (3) radiography (preservice and possibly in-service inspection), (4) acoustic holography (large-section inspections), and (5) ultrasonic spectroscopy (material microstructural changes). In addition to erosion problems, corrosion is also troublesome. This report points out that stellite-and cobalt-bonded tungsten carbide is not resistant to corrosion in sulfidation environments. As a result of these severe conditions, the text specifically mentions that "a particular need is for automatic monitoring systems for continuous measurements of wall thickness where erosive wear is significant." It is also pointed out that equipment for handling sour water (containing hydrogen sulfide, ammonia, chlorides, etc.) produced by the liquefaction process will experience severe corrosion. Piping, pumps, and condensers are the principal problem area. Austenitic stainless steel equipment has failed in as little as 1-2 weeks.
Review of Selected Papers
The suggestion that wall thicknesses be monitored continuously could entail the application and possibly further development of elevatedtemperature ultrasonic techniques. This workshop was organised to identify and evaluate materials problems in coal-conversion systems that may limit their performance.
Recommendations were made for research and development work which would improve the reliability and efficiency of synthetic-fuel plants. The recommendations were evaluated by the workshop attendees and given a priority rating.
The proceedings of this conference indicate several areas of need for NDE. As in previously discussed papers, the problems associated with erosion and corrosion of transfer lines, pumps. and valves were discussed.
As one area for potential development for coal-conversion systems, NDE was rated highly by the workshop as to its importance in helping solve the problems associated with coal-conversion systems. Several specific areas or needs for NDE were mentioned. This paper reviews the coal-liquefaction process, compares the various plant operating conditions, and discusses many problems associated with these systems. As discussed in previous papers, the erosion/corrosion problems art pointed out as being severe. Lack of adequate slurry pumps and letdown valves is mentioned as well as the difficulty in predicting material loss with reliability. Problems associated with slurry preheaters are anticipated for a commercial-level SRC plant. although performance has been satisfactory in general at the pilot plant. Other problems mentioned at SRC are the failure of steel U-tubes and Type 410 stainless steel fractionating trays of the product recovery section (fractionating columns and reboiler).
Potential problems are anticipated in the dissolver (SRC). in which the coal slurry is hydrogenated and which is exposed to a corrosive environment. and in large pressure vessels subject to corrosion from hydrogen sulfide (HS) and stress-corrosion cracking (pipes and/or vessels) due to the presence of chloride.
Various NDE methods are needed to help minimize the effects of the problems. These methods have been discussed in previous paper reviews.
g.
Pipe System Erosion and Hydraulics Analysis at the Cresap Pilot Plant, Fluor Engineers and Constructors, Incorporated, Los Angeles. May 1976, FE-1517-32, prepared for ERDA 3 4 This report presents the results of a study to establish a program to improve the design of the piping configurations in coal -liquefaction plants. Special rigs are recommended to test piping components for erosion in several key coal-slurry streams at Cresap. The objectives of the system design would be to establish (1) the effects of abrasives, (2) the effect of erosion on pipes and fittings, (3) erosion versus slurry velocities. (4) settling and plugging characteristics, and (5) fouling characteristics caused by polymeric buildup on pipe walls. NDE methods could be used effectively in such a test facility. For example, ultrasonic as well as radiographic methods could be tested for their effectiveness in detecting erosion and plugging of lines, various NDE techniques could be evaluated, and valuable quantitative data from NDE systems could be obtained to help reach the objectives of the proposed test facilities program, particularly in erosion measurements. This report demonstrates a reliability methodology developed by Kaman Sciences Corporation and its application to two coal-conversion plants:
the FMC Corporation COED Plant and the HYGAS Plant. Although the data presented are primarily for a gasification plant (HYGAS), the larger failurerate number presented (10-2/h for a hydrogen-plant slurry pump and 10-3 /h for a hydrogen compressor) suggests that good on-line NDE apparatus or monitoring equipment will be useful in optimizing the life of critical systems by anticipating costly system failures before they occur. An analysis such as this can point to the critical and least reliable systems. This report discusses the SRC process and design modifications made in the plant as well as the construction work at various stages. One area discussed in detail is that of the filter section of the mineral-separation unit. The coal solution from the dissolver area still contains undissolved solids, which must be filtered out. The nature of the slurry makes the separation step difficult. The difficulties arise from the fine size of the solids and the high viscosity of the coal-solvent solution.
Pressures of 1.4 MPa (200 psi), and temperatures up to 340C (650 F) may be required for a successful filtration operation. One of the major problems for the separation unit is to maintain a continuous discharge of solids to atmospheric pressure. This requires that significant leakage to surroundings is avoided since pressure variations can upset the operation of the filter screen. A need appears to be suggested here for a leak monitoring system coupled with proper quality control and periodic checking of the components of this sensitive process. In the failure of the weld-neck flange, a leaking crack was discovered in a Type 304 stainless steel weld neck flange that is part of a preheat line. Other nonleaking intergranular cracks were also found at the neck ID. Periodic in-service inspections by ultrasonic techniques (although difficult because of access) could have detected these cracks before they resulted in shutdown.
In the failure of the distributor-cone thermocouple sheath, corrosion cracks initiated at the OD of the sheath material at surface cracks or pits. More careful control over sheath fabrication (Incoloy 800) is advised in this report. Proper application of NDE techniques after fabrication such as eddy-current, optical-radiography, or dye-penetrant methods could significantly reduce the possibility of failure of this critical component.
In the ball-valve failure, the valve stem fractured completely. Failure was attributed to the presence of preexistent surface defects. More stringent quality control.over the preparation of the valve is suggested in this report. Again, various techniques could be implemented to detect flaws before the valve is put into service. This includes radiography, ultrasonic, visual, dye-penetrant, and eddy-current techniques. The valve stem could also have been checked during an in-service inspection, as the valve stem was accessible for possibly ultrasonic, eddy-current, visual, or dye-penetrant testing.
Other selected reports and papers of related interest are Refs. 44-49. The problems of erosive process streams become important, as they can cause' severe thinning of transfer lines, elbows, and tees, and erosion of pumps, including impellers and casings. At present in existing pilot plants (SRC and Cresap, for example), some ultrasonic monitoring of critical lines is carried out by hand-held ultrasonic probes. However, these measurements cannot be carried out at system operating temperatures, which may reach 850*F (450 C). Development of high-temperature ultrasonic techniques for monitoring critical system components while a plant is in operation could significantly improve the value gained from current in-service NDE evaluation. Some of the current NDE efforts at Argonne National Laboratory9 are in fact aimed at de -veloping in-service ultrasonic, infrared, and radiographic means for detection of erosion in critical process lines. As previously mentioned, valves and pumps At the Cresap test facility, a bypass line is to be installed as a test facility to obtain data on erosion. Effective use of NDE techniques (ultrasonic, acoustic emission, and radiographic, for example) may provide real-time in-' formation on erosion effects (localized and general) and process-stream flow patterns in such facilities.
In -ddition to transfer lines, pumps, and valves, erosion may be troublesome in other critical areas. One example is in the experience at Cresap. A shaft in an extractor, employed after coal and solvent are mixed at 430*C (825 F), and 3.5 MPa (500 psi), was severely eroded near the shaft bearings. A new design was required. It uses a flexible shaft that may relieve the erosion problem. This new design, however, may require a vibration-detection system to monitor the shaft for excessive vibration. Two examples of corrosion problems can be found at the SRC Plant (Tacoma). Stress -corrosion cracking can occur (sulfidation) in the main pressure vessel. Corrosion has also been a problem in the SRC distillation column, particularly with carbonsteel trays.
In-service NDE methods (ultrasonic, infrared, and radiographic) may be useful for detecting such corrosion problems before they become serious. There are potential problems in liquefaction plants that may lead to detectable hot spots. Hot spots may be detectable on liquid flow dissolver vessels (SRC) if localized erosion/corrosion causes excessive wall thinning. Heat-tracing tape is currently used for monitoring, but the application of infrared (IR) technology may significantly improve the monitoring of hot spots. IR methods may also be used to check bearings as they heat up before failure. In the Cresap Plant, burners have refractory linings. If cracked, they leak and heat up the outside burner. IR monitoring here may provide valuable data to monitor these components.
Electrical switch gear could also benefit from IR monitoring, as hot spots may be evident in bad circuit components. Prefailure data for electrical systems may be critical, as an electrical failure could result in a total plant shutdown. Regular IR monitoring may anticipate these problems and give advance warning.
Another potential problem is leaks. Leaks of flarmable liquids or 'ex -plosive gases around flanges and seals, for example, must be detected and eliminated because of the fire hazard. OSHA may make standards even tougher than they are now. In-service methods for detection may include acoustic techniques as well as conventional optical (UV and visible) and chemical methods for detecting smoke and flammable and explosive mixtures.
In addition to the previously discussed problem areas, another is the plugging of process streams. Often, knowledge of the location of a plug in a line can save considerable time and effort in replacing and cleaning plug lines. Various techniques discussed in later sections may be used to localize the point of plugging in process streams.
Another area of specific concern is in the Synthoil Process Development Unit. Baseline data (ultrasonic and X ray) on wall thickness in critical areas should be taken before startup. In addition, there is a point at which hydrogen is mixed with a paste at a T joint. This occurs just before the reactor feed heater. This is a critical point in the process flow and is particularly vulnerable to erosion. Monitoring of this area is extremely important.
Organizations
Two coal-liquefaction plants were visited to obtain on-site information on current NDE methods being used in the field and to help establish the potential for applying additional NDE to plant problem areas.
Solvent-refined Coal (SRC), Pittsburg and Midway Coal Mining Company, Tacoma (Ft. Lewis), Washington, January 13, 1977 This 50-t/day SRC Plant is the largest operating facility for liquefaction in the United States. A photograph of the plant is shown in Fig. 1 . From a plant tour and discussions with plant personnel, several specific problem areas were identified where NDE is currently employed or is potentially ureful. (1) Erosion/Corrosion. As previously mentioned, erosion/corrosion problems are a primary concern in the coal-liquefaction process. There are many areas, specifically piping, in which an ultrasonic thickness gauge is used to monitor the thinning of the numerous critical pipe areas. One example shown in Fig. 2 was a welded pipe (about 7.5 cm in diameter) where the root bead dis -turbs the slurry flow (this occurs before the preheater) and the resulting vortexes severely erode the pipe just beyond the weld. This area is monitored Figure 3 shows the erosion of a carbon-steel discharge pipe, and Fig. 4 shows the erosion of another discharge pipe of a filter feed-surge recirculation pump. Another area of concern is the heater coil of the preheater, which had shown indication of severe erosion in the initial stages of operation. Although this erosion has not progressed beyond the early stages (possibly due to buildup of a protective layer), there is still concern. The preheater is seen in Fig. 5 and the heater coil in Fig. 6 . (b) Thermal-profile data would be valuable dissolver vessels (see Fig. 9 ). Infrared devices might be employed to obtain that information.
(c) Stress-corrosion cracking is a general problem for the fractionation columns (Fig. 10) , and any techniques to aid in detection of cracks would be useful. This 3 -t/day process development unit, whose facility is shown in Fig. 11 , has been relatively free of problems. Nevertheless, there has been one pipe failure due to erosion, and there are potential problems for the scaledup facility, a pilot plant to be built in Catlettsburg, Kentucky. The pipe failure, due to erosion, occurred in the reactor liquideffluent line (1/2-in. Schedule 160, Type 347 stainless pipe). This line is located after the letdown valve and upstream from the hot atmospheric separator.
The erosion occurred in the pipe where there was only a slight bend. No problems occurred in areas with much sharper bends. In general, erosion is not a problem now, except in the letdown valves. The valves are replaced periodically as needed. Hydroclones have experienced problems when metal liners were used, but now that ceramic liners are employed, there are -:: problems. Some plugging has occurred in separator overhead stream lines. (Plugging is by ammonium chloride deposits.) It would be desirable if these plugs could be detected by some nondestructive technique. . Good data could not be obtained from nozzle welds. However, erosion was looked for by ultrasonic thickness measurements in the reactor vessel (Type 347 stainless steel) and in accompanying piping. Essentially no erosion has been detected after a number of years of operation.
Minor problems have been associated with small fires resulting from leaks at seals and flanges. An ultraviolet detection system is in operation to sense the fires. A smoke-detection system might also be useful.
Areas of Potential NDE Application a.
Wall-thickness measurements of reactor vessel and piping. Although no significant erosion has been noticed, the previously mentioned failure of the slurry line indicates a need for erosion-monitoring measurements.
b.
Acoustic monitoring of pumps in critical areas to detect early failing of bearings, etc.
c.
Plugging of lines. Here, methods such as X ray, ultrasonic, and infrared might be used to detect plugs. Erosion problems may become more severe. Thus monitoring may be more important.
b.
Detecting the catalyst level in the process development unit will be more difficult than it is now. Presently, in the process development unit, a nuclear density gauge is used to monitor this level. The pilot-plant reactor vessel will be much bigger, however, and it is not clear that the present technique will be practical. The system cannot run without the catalyst level being known.
